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SUMMARY

This report is the final one in a series of three. Based on a
stream-fi lament analysis procedure and a correlation of total-pressure-
loss coefficients developed in the Part | report (NREC Report No. 1125-1),
a computer program for the analysis of the geometry and design-point per=~
formance of axial flow turbines was prepared. The computer program is
presented in the Part || report (NREC Report No. 1125-2). This Part 111
report is concerned with the application of the computer program to the
analysis of turbine design requirements.

The report presents the results of a general investigation of
the effects of changes in the radial variation of design specifications
such as the stator exit tangential velocity and the work output. Thése
results are intended to provide guidance to future users of the program
who are presented with considerably more freedom in turbine design using
a stream-filament approach to the design problem. The report also pre-
sents the results of a specific investigation of the geometry and design-
point performance of four turbines which satisfy a selected design re-
quirement. The four turbines cover a range of tip diameters from a value
consistent with a conservative design to a value which is 75 per cent of
that selected for the conservative stage. The performance predictions
show a 5.6 per cent drop in total-to-total efficiency and a 9.2 per cent
drop in total-to-static efficiency for the increase in stage loading which

accompanies the diameter reduction.




INTRODUCT ION

This is the third part of a three-part report concerning the
development of a computer program for the design-point analysis of axial
flow turbines. The Part | report, Reference 1, presents the development
of the analysis method and a loss coefficient correlation. The Part |1
report, Reference 2, describes the computer program. This final report
of the series considers the application of the program to particular tur-
bine design examples.

The computer program is based on a stream-filament approach to
turbine design which includes consideration of the meridional components
of streamline slope and curvature. Solutions of the flow field;are ob-
tained where the flow can be considered axisymmetric; that is, at the
turbine inlet, all interblade row design stations, and the final stage
exit. For an analysis of the design-point geometry and performance of a
turbine, the design requirements are conventionally expressed by the inlet
weight flow, the inlet total temperature and total pressure, the power out-
put of the individual spools in a multispool unit, and the rotative speed
of the spools. In addition to the standard design analysis variables of
annulus geometry, number of stages, and power output split between stages,
the program enables the turbine designer to consider as analysis variables
the radial variations of the inlet conditions, streamline curvature and
slope, element loss coefficient or efficiency, stator exit whirl velocity
or absolute flow angle, and power output. The program also incorporates
a total-pressure-loss coefficient correlation so that it is possible to
make comparison of alternative designs using parameters which are fully

consistent with the assumed correlation of total-pressure loss for the



individual elements of the blading.

The contents of the report are in two major categories: one, a
general investigation of the effects on predicted geometry and performance
of the parameters which may be selected by the designer; and two, the
analysis of a series of four turbines to satisfy the same design-point
requirements but differing in outside diameter. The computer program
permits the specification of radial variations of such design variables
as the stator exit flow angle or whirl velocity and the power output of
individual stream filaments. However, the requirements that the solution
of the flow field must satisfy radial equilibrium and that the geometry
of the blading should be mechanically acceptable place boundaries on the
analysis variables. Thus, the principal objective of the work in the first
category was to qualitatively investigate the effects of the analysis vari=-
ables and hence to provide guidance to future users of the program. For
the investigation, three sets of turbine design requirements are used;
these correspond to a single~stage turbine having a design-point pressure
ratio of approximately 2:1, a multistage turbine having a two-stage high
pressure (hp) and a five-stage low pressure (1p) spool, and a small single-
stage turbine of high pressure ratio. The first two requirements were
supplied by NASA as selected applications for the program; the third de-
sign requirement is typical of a fuel-pump application with supersonic
flow at stator and a near-impulse rotor and is, in fact, similar to the
first stage of the turbine of Reference 3. The stage total-to-static
pressure ratio of this stage is in excess of L:l.

For the analysis of a particular design requirement, the single
stage supplied by NASA is investigated at four values of outside diameter.

Starting with a conservative design for which the outside diameter is 36




inches (91.4 cms), the outside diameter is decreased in three steps to a
value of 27 inches (68.6 cms). The hub diameter of the stage is varied
to maintain a constant annulus area, and hence, the series of turbines
cover a wide range of rotor hub section loading when the stage work is
related to the blade speed at the hub. The results of the analysis pro-
vide a means of assessing the trade-off between a reduction in turbine
size and the reduction in efficiency which accompanies the resultant in-

crease in stage loading.

Report Arrangement

The report is divided into three main sections. The first sec-
tion presents the results of the general investigation of the effects of
specified analysis variables. The principal variables considered are the
radial distribution of whirl velocities or absolute flow angles at stator
exits, the radial distribution of the power output, and interfilament
mixing. The second section presents the results of the design analysis
of the four versions of the NASA-selected single-stage application. This
section details the predicted performance of the stages, their geometries,
and their computed velocity diagrams. An appendix giving the complete
computer printouts of the selected designs forms the third section of

the report.
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THE EFFECT OF CHANGES IN ANALYSIS VARIABLES

Introduction

Once the conventional turbine design restrictions of a free-
vortex distribution of tangential velocities and a radially constant work
extraction have been removed, a turbine designer is given considerably
more design freedom. For example, the computer program permits arbitrary
specification of the radial variations of stator exit tangential velocity
(or absolute flow angle) and the work output.

However, it does not necessarily follow that aerodynamically
and mechanically acceptable designs will be produced by the program un-
less the input specifications are selected with reasonable care. For
example, a solution of the flow field with positive values of the through-
flow velocity at all radial stations will only be possible for a rela-
tively narrow range of tangential velocity distributions when the abso-
lute flow angle is high as is the case at most stator exit design stations.
Similarly, the amount of radial variation in the work output which will
be possible in a stage is limited; large variations in the streamline
total temperature drop will not be possible in some designs because it
will not be possible to obtain a physically acceptable solution of the
meridional velocity distribution. The first part of this section is de-
voted to these two aspects of turbine design. The principal intent is
to provide some guidance to future users of the program by illustrating
the effect of changes in the specifications of stator exit conditions and
the power output function for sample design requirements.

Also considered in this section are the effects of three other

analysis variables: the specification of the loss correlation used in



the analysis, the departure from the stream-filament flow as simulated by

interfilament mixing, and the curvature of the annulus walls,

Stator Exit Flow Parameters

The computer program provides the option to specify either sta-
tor exit tangential velocities or absolute flow angles as a function of
radius. Use of the program to date has shown that the range of distribu-
tion of tangential velocities for which a solution of the flow field is
possible is relatively small., This point is illustrated by data obtained
from investigations of two versions of the single-stage turbine, the highly
loaded stage with an outside diameter of 27 inches (68.6 cms) and a hub/tip
ratio of 0.608, and the conservative design with an outside diameter of
36 inches (91.4 cms) and a hub/tip diameter ratio of 0.803. (The speci-
fied design requirements of these turbines are presented in the following
chapter.)

For the highly loaded stage, three absolute stator exit angle
distributions were specified, and these are shown in Figure 1 as a func-
tion of radius. The angle distribution which varies by approximately 10
degrees across the annulus closely approximates a ''free-vortex'' variation
for which the tangent of the angle varies inversely with radius; the sec~
ond distribution reduces the radial variation to approximately 5 degrees,
and the third is radially constant. The computed tangential and meridional
velocity distributions are also shown in this figure. The velocities have
been normalized in each case by dividing by the appropriate valué of ve-
locity at the mean streamline. It can be seen that the meridional velocity
distribution for the first specification is approximately constant with

radius. The constant angle design, however, produces a significant



variation of meridional velocity with the hub velocity approximately 50
per cent greater than that at the tip. The change in tangential velocity
distributions, however, is not large. The ratios of the tangential ve-
locity at the casing radius to that at the hub are 0.631 and 0.668 for
the constant angle and free-vortex angle design, respectively, These
numbers can be compared with a value of 0.608 which would be obtained
from a conventional free-vortex design in which a radially constant axial
velocity would have been assumed. Figure 1 also shows the shift of the
mean streamline position towards the hub which accompanies the change
from a free-vortex angle distribution to a constant flow angle design;
the radii at which the normalized tangential velocities are unity corres-
pond to the mean streamline.

Although all three angle distributions were selected to have
the same angle at the arithmetic mean radius, the three designs will have
differing effective flow areas at stator exit. Hence, the stage reaction
changes and, accompanying the change, the streamline values of the blade
row velocity ratios also change. In Figure 2 the radial variations of
the stator velocity ratio,\L/\A , are shown for the three angle distri-
butions. Although the mean level of velocity ratio has changed, the
slopes of the curves are approximately equal. [t would seem likely that
if the angle distributions had been selected to yield constant values of
effective flow areas for the three distributions that the radial varia-
tions of blade element velocity ratios would have been almost identical.
Also shown on Figure 2 are the radial variations of stator blade row
efficiency (defined as |-c where € is the kinetic-energy-loss coeffi-

cient). It will be seen that, for the total-pressure-loss correlation

used, the effect of the angle changes has been to increase the efficiency




of the hub section and decrease it at the tip by changing from a free-
vortex to a constant flow angle distribution.

The stage efficiencies predicted for the three stators in stage
designs which used identical specifications for the distribution of power
output function showed a decrease in total-to-total efficiency from 89,08
to 88.25 per cent for the change from a free-vortex to a constant flow
angle stator. The total-to-static efficiency predictions, however, yielded
an opposite effect with an increase from 68.65 to 69.68 per cent. Later
in the report, where the predicted performances of various stages are dis-
cussed in greater detail, it is shown that these changes are the result
of changes in the stage reaction rather than the resuit of a redistribu-
tion of the stator exit absolute flow angles. When angle distributions
are selected to maintain a constant value of effective flow area, the
change in stage efficiency is negligibly small,

A similar investigation was carried out using the large diame-
ter turbine for the same design requirements. The angle and velocity dis-
tributions for the higher hub/tip ratio turbine are shown in Figure 3.

The characteristics exhibited are similar to those of Figure 1. The
changes again occur in the meridional velocity distribution rather than
in the tangential velocity distribution.

From Figures 1 and 3 it can be concluded that the stator exit
meridional velocity distributions are very sensitive to changes in tangen-
tial velocity distributions and that there exists only a narrow band of
the latter over which it will be possible to obtain a satisfactory design
solution. Therefore, it is recoomended that the option to specify flow
angles, rather than tangential velocities, at the stator exit design sta-

tion should be used. Experience with the program has shown that tangential



velocity distributions which depart significantly from a free-vortex dis-
tribution will not yield a solution. Large radial gradients of meridional
velocity are required to sustain radial equilibrium with some tangential
velocity distributions and unless the mean level of through-flow velocity
is sufficiently high, the meridional velocity will approach a zero value
at some point within the annulus.

The sensitivity of the solution increases as the mean flow angle
increases. Large gradients of static pressure are required to maintain
radial equilibrium at stator exits, but the static pressures are princi-
pally dependent on the tangential velocities. Hence, relatively large
changes in meridional velocity may be required to achieve the required
static pressure distribution when the tangential velocity distribution is

arbitrarily specified.

Stage Power Qutput Function

The computer program permits the specification of a radial dis-
tribution of a power output function as an analysis variable, The power
output function is, by definition, the fraction of the total stage power
output produced by the flow passing between any setected streamline and
the hub. Thus, a designer is able to redistribute the power output be-
tween the filaments of the flow. However, experience with the program has
shown that acceptable design solutions can only be obtained for a rela-
tively narrow band of power output functions. The power output function
is specified versus streamline number so that the power output of indi-
vidual equal-flow stream filaments can be controlled independently of the
streamline locations. For the investigation of the effects of changing

the power output distribution, parabolic distributions of the power output
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were used. These distributions produce a linear variation of streamline
total temperature drop for the streamlines used in the analysis; since
streamlines are located to define equal flows, the total temperature drop
is not necessarily a linear function of radius. The departure of the
power output function from a constant work output design is indicated by
the index used to generate the parabolic power output function. An index
of 1.0 corresponds to a radially constant total temperature, and the fac-
tors 0.85, 0.87, and 0.89 produce hub streamline temperature drops which
are 91.9, 93.2, and 94.3 per cent of the mean value, respectively, with
corresponding increases in the tip streamline total temperature drop.

In Figures 4 and 5 the results obtained for three distributions
of power output are shown. The turbine is the small-diameter single stage
and a constant angle stator is used for all three designs, The actual
variations of streamline total temperature drop are shown in Figure &
for the selected power output distribution, together with the normalized
meridional velocity distribution at the stage exit and the variation of
local values of rotor blade relative velocity ratio,\A;’V; . It will be
seen that as the local value of total temperature drop increases, the
computed meridional velocity decreases. For this particular turbine de-
sign a solution could not be obtained with a uniform distribution of
power output. The value of meridional velocity decreased rapidly to zero
at a point near the hub section. The design specifications near the hub
in that particular case implied a loading which exceeded a limiting load-
ing value. By progressively decreasing the power output requirement of
the inner part of the annulus flow, the meridional velocity at the hub is
increased. However, since the tip section loading is increased, the me-

ridional velocity at the tip decreases. It will be seen that the changes
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in power output distribution have produced relatively little change in the
local velocity ratios for the rotor.

While it is convenient to generate power output functions if a
parabolic variation is assumed, it does not necessarily follow that such
distributions would be selected for final designs. From Figure 4 it can
be inferred that the power output should be redistributed so that the re-
duced power output of the hub section should be compensated by an increase
in the central section of the design. It would appear that increasing the
tip section total temperature drop by an amount equal to the reduction at
the hub could in many designs merely transfer the limiting loading prob-
lem from hub to the tip. The selection of a final design will, of course,
be made after consideration of both the predicted performance of the stage
and the geometry of the blading. In Figure 5 the computed inlet and exit
rotor relative flow angles are shown for the three power output distribu-
tions, Reducing the power output of the hub section has reduced the hub
section deflection by approximately 5 degrees and increased the tip de-
flection by 3.7 degrees. With the loss correlation used in the analysis,
the changes in reaction and deflection produced by the change in power
output function result in very little change in the mass averaged value
of stage efficiency.

The turbine discussed above is a relatively low hub/tip ratio
stage. However, limiting loading problems can be expected in any highly
loaded stage. This point is illustrated by Sample Case IV given in Ref=-
erence 2. This sample design, which includes the full computer program
output for three power output distributions, is for a design requirement
similar to the fuel-pump turbine of Reference 3. As was illustrated in

the sample output, a solution could not be obtained with a uniform
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distribution of power output even though the stage hub/tip ratio was 0.88.
The normalized meridional velocity distributions for the two sets of analy-
sis variables which produced solutions are shown in Figure 6. This fig-
ure also shows the radial variation of total temperature drop implicit

in the power output function distributions. Changing the power function
to reduce the hub total temperature drop by approximately 1 per cent has
produced a significant change in the predicted meridional velocity distri-
bution; the higher value can be concluded to be extremely close to a
limiting loading. The data of Figures 4 and 6 both show that only lim-
ited variations of work output with radius will produce mechanically ac-
ceptable blade geometries. Hence, it is important that future users of
the program appreciate the fact that it is possible to exceed a limiting
loading condition at any point in the annulus. At the limiting loading
condition it becomes impossible to obtain a value of static pressure which
will satisfy radial equilibrium. To assist in the selection of a suitable
power output distribution, the computer program provides output at the
lowest value of mass flow for which a solution could be obtained, thus
providing a basis from which to modify the specification of the analysis

variables including the power output function.

The Total-Pressure-Loss Coefficient Correlation

The program provides various optional specifications of the
performance of the elements of the blading. The correlation developed in
Reference ! has been made an integral part of the program. However, the
coefficients of the correlation have been made part of the input specifi-
cation. Hence, these coefficients together with the additional loss fac-

tor can be regarded as analysis variables. It is believed that the
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coefficients recommended in Reference 1 produce realistic total-pressure-
loss coefficients for the type of turbine on which the correlation was
based. Nevertheless, it is almost inevitable that the correlation will
be revised at a later date and that the additional loss factor will have
to be used in some case to produce realistic analyses for particular tur-
bines.

To illustrate this point, a large additional loss factor was
used in the analysis of the fuel-pump turbine (Sample Case IV of Ref 2).
The turbine is a high pressure ratio single stage in which the stator exit
Mach number is supersonic and the rotor is of near-impulse design. With
the stator exit flow angle specified, analyses of the stator exit flow
field were carried out using the internal correlation of loss with and
without an additional loss factor. (The program output for the latter
case is given in Ref 2). The total-pressure-loss coefficients for the
two analyses were virtually independent of radius and can be considered
constant at 0.125 and 0.368. The computed absolute and relative Mach
numbers at the stator exit plane are shown in Figure 7, together with
the rotor inlet relative flow angles. For this particular design the
change in the computed rotor inlet flow angle is not large, principally
because of the type of velocity triangle. However, the most notable
change in the design analysis is in the stage reaction; for the same
power output the analysis with the low stator loss coefficient produces
high stator exit Mach numbers and low rotor relative exit Mach numbers.
Since the test data of Reference 3 show static pressures consistent with
the higher loss coefficient, it must be concluded that an additional loss
factor should be used for the analysis of interblade row conditions. How-

ever, this does not necessarily mean that the total-pressure-loss coefficient



14

correlation used for the stator row is, in general, completely invalid for
supersonic stator designs. It is quite possible that the additional loss
occurs as a result of the shock system ahead of the rotor. When the pro-
gram is used for turbine designs in which the predicted rotor relative
Mach number is supersonic over the entire span of the rotor, it is rec-
ommended that the assumptions concerning the losses should be reviewed.
The internal correlation of total-pressure-loss coefficient and the rec-
ommended coefficients of that correlation are unlikely to be valid when
the mean level of rotor inlet relative Mach number is supersonic.

The dependence of the total-pressure-loss coefficient on the
row reaction and the deflection incorporated in the loss correlation is
such that the limiting loading condition is likely to occur first at a
rotor hub section. As illustrated by Figure 6, a small change in the
loading of hub section can produce significant changes in the meridional
velocity gradient when the section is close to its limiting loading. The
actual value of limiting loading will depend on the loss correlation being
used in the analysis; the higher the total pressure loss in any given sec-
tion of the blading, the more difficult it becomes to achieve a value of

static pressure which will satisfy radial equilibrium.

Interfilament Mixing

The computer program is based on a stream-filament analysis of
the flow through a turbine. Hence, if an analysis of a multistage unit is
performed with a radially uniform distribution of power output for each
stage, a total-pressure profile will develop as a result of lower effi-
ciency of the hub sections compared with the mean or tip values. Un-

doubtedly, the flow within a turbine is considerably more complex than




that assumed for the analysis procedure. 1In order to provide a means of
simulating the redistribution of the flow within blade rows, the analysis
procedure incorporates a simple interfilament mixing model (Ref 1). In
the regions cf high loss, low-momentum flows will occur and low=-momentum
fluid will migrate under the influence of the mainstream static pressure
field and/or the centrifugal force field of the rotor. Thus, it is to be
expected that total-pressure profiles predicted on a stream-filament
basis will be less uniform than those obtained from test data. The sim-
ple mixing model used in the analysis can be used to reduce or eliminate
total-pressure and total-temperature prcofiles. It should be pointed out
that at the present time the selection of the mixing factors will have to
be based on the judgment of the program user. However, the effects of
mixing can be assessed analytically using the program.

One of the design examples supplied by NASA was a twin-spool
turbine with two hp spool stages and five Ip spool stages, Sample Case
1l of Reference 2 is based on the design requirements of the hp spool and
the first three stages of the Ip spool. This turbine was analyzed using
the mixing parameter to produce results which are consistent with the
assunption that the value of stage inlet total pressure used in the cal-
culation of stator exit total pressure is radially constant. Hence, the
total-pressure profile was not allowed to develop in the manner it would
have done in a purely stream~-filament analysis. An analysis with iden-
tically the same specifications as Sample Case |i, with the exception of
the mixing in the stator rows, failed to produce a solution at the exit
of the second rotor of the 1p spool. The results of the two analyses for
the stator row which preceded the design station where the limiting load-

ing condition was encountered are shown in Figures 8 and 9. Figure 8
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shows the absolute flow angles at the stator inlet and stator exit and the
following rotor relative inlet flow angle; Figure 9 shows the correspond-
ing absolute and relative total pressures. With interfilament mixing
assumed in the stator rows, the computed rotor relative inlet flow angle
and relative total-pressure distributions are such that it is possible to
obtain a solution for the next design station. With the purely stream-
filament analysis, the meridional velocity near the hub of the stator exit
plane falls significantly producing an increase of approximately 8 degrees
in the absolute flow angle. This change is due to the predicted change in
the stator exit absolute pressures. As a result, the rotor relative inlet
flow angle is increased by approximately 12 degrees and the rotor rela-
tive total pressure is decreased by 1.2 psi (8270 N/mz) at the hub. These
changes are sufficient to make it impossible for the rotor to extract the
implicitly specified amount of work at the hub section and simultaneously
satisfy the requirement for radial equilibrium. |

Both analyses used radially uniform power output specifications.
Hence, without interfilament mixing within the stator rows it would have
been necessary to reduce the power output along the hub stream filament
by an amount which would have raised the inlet total pressure at the
inlet to the second stage of the lp spool by approximately 1.2 psi (8270

2 . .
N/m”) in order to obtain a solution at the exit of that stage.

Annulus Geometry

The annulus geometry is an important design variable. Obvi-
ously, the mean diameter of a stage and the annulus areas have always
been used as variables in the design of turbines and the program will, of

course, provide a means of comparing alternative designs. However, the
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effects of the meridional slope and curvature of the flow are included in
the flow field solution which has been programmed. Hence, slope and curva-
ture of the annulus walls can be considered as analysis variables. The
effects of these variables are qualitatively predictable from the radial
equilibrium equation used in the analysis. The precise effect of a change
in the slope or curvature of the annulus wall, however, cannot readily

be obtained unless the computer program is used. At stator exit design
stations, where the tangential velocity rather than meridional velocity
dominates the radial equilibrium solution, it is quite possible that ef-
fects of changes in annulus slope and curvature will be small. At stage
exit design stations, the effects could be considerably more pronounced;
at stage exits the meridional velocity rather than tangential velocity
will dominate the radial equilibrium equation. It is possible, therefore,
that curvature of the annulus could be used to offset the deterioration

of meridional velocity distribution that can occur in the presence of a
total-pressure profile.

In the single-stage analyses presented later, a constant annulus
area design is considered. Hence, since the analysis assumes that the
meridional components of slope and curvature within the flow field are
dependent on the annulus geometry, the effects of changes in annulus
slopes and curvatures are not considered. However, in the multistage
analysis of Sample Case || (Ref 2) the dimensions of the annulus were
selected to produce a change of annulus flare at the inlet to the Ip
spool. The analysis of the multistage unit was repeated with the slope
and curvatures of the annulus walls set equal to zero. The effect of
the change on the meridional velocity distribution at the inlet to the

1p spool is shown in Figure 10. For this design both hub and casing
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radii increase through the 1p spool and the slopes and curvatures are posi=-
tive across the entire annulus. As was to be expected, the meridional ve-

locity is increased at the casing and reduced at the hub.
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PERFORMANCE PREDICT!ONS FOR
A SINGLE STAGE AT FOUR TI!P DIAMETERS

Introduction

The design requirements of the single stage, used as an example
of the application of the computer program, were specified by NASA and

are as follows:

Inlet Total Temperature 518.7 deg R (288.2 deg K)

Inlet Total Pressure 14,696 psia (10.133 N/cmz)

Intet Flow Angle 0 deg (--)

Mass Flow 45,51 1bm per sec (20.643 kg/sec)
Power Output 1287.5 hp (9€0.089 kw)

Rotational Speed L660 rpm (--)

Specific Heat at Constant 0.24 Btu per 1bm deg R

Pressure (1004 J/kg deg K)

Specific Gas Constant 53.35 ft 1bf per Ibm deg R

(287.0 J/kg deg K)
For the largest diameter turbine the casing and hub radii were specified
to be constant at 18 and 14.465 inches (45.72 and 36.741 cms), respec-
tively. In addition, the conservative design was specified to have a
50 per cent mean radius reaction corresponding to a tangential velocity
of 758.7 ft per sec (231.5 m/sec) at the stator exit.

The geometry and performance of four stages differing in tip
diameter, but having the same annulus areas were to be predicted. For
the smallest diameter turbine in the series a value of tip radius of 13.5
inches (34.29 cms) was selected, this value being 75 per cent of the con-
servative design value. The dimension of the turbines, hereafter referred

to as Turbines A, B, C, and D are tabulated below.
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Turbine A B C D
Casing Radius (ins) 18.0 "~ 16.5 15.0 13.5
(cms) Ls.72 41.91 38.10 3k4.39
Hub Radius (ins) 14. 465 12.549 10.499 8.215
(cms) 36. 741 31.874 26.667 20.866

The stage hub-to-tip radius ratios vary from 0.803 to 0.608 and the hub
speed of Turbine D is approximately 57 per cent of that for Turbine A.

The validity of the comparison of the predicted performances is,
of course, dependent on the loss correlation assumed. For the analysis,
the performance of the individual elements of the blading is internally
computed from a correlation of total-pressure-loss coefficients. No in-

terfilament mixing was specified.

The Total-Pressure-Loss Assumptions

The program input includes the nine coefficients of the loss
correlation developed in Reference 1. For this particular analysis the

total-pressure-loss coefficient of an element of the blading is defined

" as follows:

l "‘om{Sm— b\mﬁﬂ/l\ {o 03 + o 457:195'(V"" } if Vm <06
Coto +o$’un/$“> e Ve

‘f;“: g tongel foosee ez od) ot

where suffices ¢y and ex denote inlet and exit conditions relative to a

stator or a rotor section., In addition, the total-pressure-loss coeffi-
cient was limited to a value of 1.0. Throughout the analysis no additional
loss factors were specified. Hence, no attempt is made to account for tip

clearance losses.
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Design Optimizations

At the relatively high hub/tip ratio of Turbine A, no great
variation of stage efficiency with the radial variation of the analysis
variables is to be expected. Since the annulus dimensions were prese-
lected together with a mean-line stage reaction, the only remaining analy-
sis variables are the radial distribution of stator exit angle (or tan-

gential velocity) and the power output function. As previously indicated, -

‘the variations of tangential velocity and power output are somewhat lim-

ited. The two sets of analysis variables of Sample Case | of Reference 2
showed a less than 0.1 per cent difference in efficiency between a design
with a free-vortex distribution of stator exit flow angles and a uniform
distribution of power output and a design with radially constant stator
exit flow angle and a distributed power output. Therefore, the major in-
vestigation of the effect on over-all stage performance of alternative
sets of analysis vériables was carried out using the annulus geometry of
Turbine D.

Variations in the power output function were systematically gen-
erated using parabolic distributions of the power output function with re-
spect to the nondimensional mass flow function. The use of the parabolic
function has the property that a linear variation of streamline total
temperature drop is obtained. |In addition, values of the power output
function are readily computed for selected ratios of hub and casing total
temperature drops. The expression used for the nondimensional power func-

tion 7# is as follows:

poiig e v )
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where w(-r): %}‘i and J-:_l at the hub andJ=n at the casing. The
power coefficient,jf » is equal to the ratio of total temperature drop at
the hub to that at the casing; the ratio of hub-to-mean streamline total
temperature drop is % « The coefficient f- is used later to iden-
tify the power output specification,

The other variables considered in the optimization of Turbine D
were the mean radius value of the stator exit flow angle and thg radial
variation of this angle. These two analysis variables also control the
mean streamline value of stage reaction.

Variation of Efficiency
With Power Output Distribution

Three alternative distributions of power output were investi-
gated for a stage with a radially constant stator exit absolute flow angle
of 67 degrees. These same distributions had coefficients of 0.85, 0.87,
and 0.89 in a parabolic power output function. This series of analyses
has been discussed earlier in connection with the possible range of the
power output function and the principal features of the stage aerodynamics
have been illustrated in Figures 4 and 5. The design with the lowest
value of total temperature drop at the hub (.f = 0.85) had the highest
total-to-total efficiency, but the highest total-to~static efficiency
was obtained with the intermediate value of:f . The actual efficiencies
predicted are presented in the following table.

Design Number ) 1 2 3
Power Coefficient 0.85 0.87 0.89

Total-to-Total Efficiency
(per cent) 88.34 88. 25 88.16

Total-to-Static Efficiency
(per cent) 69.60 69. 68 69.63
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The actual.variations of efficiency are relatively smali, Wwhile
some further improvements might be expected from the specification of
power output distributions other than the parabolic type used, it is un-
likely that the highest predicted efficiency will be significantly greater
than any of those above.

Variation of Efficiency
With Stator Angle Distribution

With a constant power output distribution (using ;F = 0.87), al-
ternative stage designs were analyzed for three radial variations of the
absolute flow angle at stator exit. Results from this investigation have
been presented earlier in‘the discussion of the analysis variables as
Figures | and 2. |t was pointed out that the major effect on the velocity
diagrams of the changes in the angle distribution was to change the me-
ridional velocity diétribution; the tangential velocities were not sig-
nificantly altered by the angle change. The predicted efficiencies of the
three stages are tabulated below.

Design Number L 5 T2

Hub-to-Tip Stator Angle
Variation (deg) 72.1 - 62.1 69.6 - 64.6 67

Total-to-Total Efficiency
(per cent) 89.08 88.74 88.25

Total-to-Static Efficiency
(per cent) 68.65 69. 14 69.68

Mean Streamline Stage
Reaction 0.669 0.615 0.536

From these results it would at first'appear that there is a significant
improvement in total-to-static efficiency by specifying a constant angle

stator design rather than a ''free-vortex'. Conversely, the free-vortex
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design yields a higher total-to-total efficiency. However, the change in
efficiency levels is due to a change in the mean stage reaction rather
than due to the variation in stator angle distribution as such. The ef-
fective flow area at stator exit is changed by the variation in stator
exit flow angles; the constant angle design has a smaller effective flow
area than the free-vortex design and, hence, its mean stage reaction is
lower. To provide a valid comparison of the effect of angle distribution,
the radially constant angle has to be decreased to increase the effective
stator exit flow area and hence stage reaction. By decreasing the level
of constant angle to 66.8 degrees, a stage with a mean streamline stage
reaction of 0.621 is produced. The predicted efficiencies of this new
stage are 88.82 and 69.76 for total-to-total and total-to-static, re-
spectively,

The radial variations of the row velocity ratio and the local
total-to-total isentropic efficiency of Design 5 above and the constant
section design of nearly comparable mean streamline stage reaction
(Design 7) are compared in Figure 11, It will be seen that the radial
variations of local blade velocity ratios are similar. Although the con-
stant section stator design now has a higher total-to-total efficiency,
it is extremely likely that the difference in efficiency level would have
been even less significant if the constant angle had been selected to
yield exactly the same level of mean streamline stage reaction.

Although the investigation has covered a relatively small range,
it must be concluded that the stream-filament analysis will not predict
significant variations in stage efficiencies for changes in stator exit
angle distribution when these distributions are selected to produce a

constant value of mean streamline stage reaction.
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The Variation of Efficiency With Stage Reaction

To investigate the effect of changes in the stage reaction, a
series of four stage designs were investigated. These analyses used con-
stant stator exit angle specifications and a constant power output dis-
tribution (jf = 0.87). The principal results of this investigation are
tabulated below.

Design Number . 8 9 2 7

Stator Exit Flow Angle
(deq) 67.16 67.08 67.00 66.8

Total-to-Total Efficiency
(per cent) 87.48 87.945 88.25 88.82

Total-to-Static Efficiency
(per cent) 70.77 70.13 69. 68 68. 76

Mean Streamline Stage
Reaction 0.4M1 0.488 0.536 0.621

Stage reaction is conventionally defined as the ratio of static tempera-
ture drop across the rotor to the stage total temperature drop; the mean
streamline value is obtained from the temperatures corresponding to the
mass flow mean streamline. The results given in the above table are also
shown in Figure 12, The opposing tendencies are not entirely unexpected
and which value of stage reaction would be considered optimum will depend
on the particular application of the turbine stage.

The predicted effect of a change in reaction is, of course, de-
pendent on the loss correlation used in the analysis, The major factor
in the change in the stage performance is the change in the relative ve-
locity ratio for the rotor blade elements; Figure 13 compares rotor ve-
locity ratios of the two extremes of stage reaction (Designs 7 and 8).
This figure also compares the computed total-pressure-loss coefficients

and the rotor relative exit Mach numbers of the two designs. The lower
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reaction design has a 33 per cent high rotor hub total-pressure loss co-
efficient, but the effect on mass flow weighted stage total-to-total effi-
ciency is offset to some extent by the lower rotor relative exit Mach

number; the change in total-to-total efficiency is only 1.34 percentage

points.,

Variation of Efficiency With Stage Loading

From the design optimization investigation it can be concluded
that changes in the power output distribution and in the stator exit flow
angle distribution do not significantly affect the performance of the
resulting design. However, the ranges of these design parameters for
which mechanically acceptable blading geometries are computed are rela-
tively small. The effect of a change in mean stage reaction on the pre-
dicted stage efficiency of Turbine D is more significant. Nevertheless,
the range of efficiencies predicted for a range of mean stage reaction of
the small diameter turbine is less significant than the reduction in effi-
ciency level resulting from an increase in mean stage loading which accom-
panies the reduction of the tip diameter from the value used in Turbine A.
Hence, the over-all effect on performance of a reduction in tip diameter
can be reasonably illustrated by any systematic variation of the other
analysis variables. For the four designs finally selected, the complete
computer outputs are given in Appendix [.

For the four turbines, a constant stator flow angle is specified
for each. The actual angles specified are 66.7, 66.9, 67.1, and 67.16
degrees for Turbines A, B, C, and D, respectively. These specifications
vary the mean streamline reaction from 0.5 for Turbine A to 0.411 for

Turbine D. The particular variation finally selected was judged to be a
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suitable compromise between the levels of total-to-total and total-to-
static efficiencies for the small diameter turbine.

The specifications for the power output distribution all use the
parabolic variation of the nondimensional power function with the nondi-
mensional mass flow function, The actual distributions are identified by
the values of § which are 0.95, 0.94, 0.93, and 0.87 for Turbines A, B,

C, and D, respectively. The mean streamline total temperature drop for
each turbine is constant and the hub streamline temperature drops are 97.5,
97, 96.5, and 93 per cent of the mean streamline value for Turbines A, B,
C, and D, respectively. The reduction of hub temperature drop with de-
creasing hub speed and hub section reaction was found to be necessary in
order to avoid a limiting loading condition,

In addition to the full computer output of Appendix |, which can
be used for detailed comparisons of the designs, the effects of the tip
radius change are summarized in Figures 14, 15, 16, 17, and 18, In Fig-
ure 14 the total-to-total and total-to-static efficiency variatfons with
tip radius are shown. As stated earlier, by varying the mean streamline
stage reactions of Turbines B, C, and D, the rate of deterioration of total-
to~total efficiency could have been lessened at the expense of the deterio-
ration in total-to-static efficiency. For the selected designs, the re-
ductions in efficiencies corresponding to a 25 per cent reduction in tip
radius are 5.6 and 9.2 percentage point for the total-to-total and total-
to-static, respectively.

In Figure 15, the turbines are compared in terms of schematic
side view. Also noted on this figure are the specifications for the analy-
sis variables and a performance summary of each design. The mean level of

loading for the stages are indicated by the mean blade-to-jet speed ratio.
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This ratio, VY , is defined as follows:

]) - ___-‘;_____
123(,3’0\0 Bos

where W is the mean blade speed and ATg is the isentropic total tem-
perature drop. The value of 9 for the four designs are 0.592, 0.526,
0.456, and 0.378.

Velocity diagrams for hub, mean, and casing radii are given in
separate figures. Figure 16 compares the four sets of hub section dia-
grams; Figure 17, the mean sections; and Figure 18 presents the casing
section diagrams. |In the case of the mean section diagrams, it should be
noted that the radial location of the mean streamline rather than the
arithmetic mean radius is used. Hence, the stator exit ana>stage exit

diagram for the mean section have differing section radii and blade speeds.

Concluding Remarks

The predicted variation of total-to-total efficiency with in-
creasing stage loading can be considered satisfactory. The predicted val-
ues are, of course, directly dependent on the loss correlation assumed in
the analysis. The correlation used was based on the correlation of achiev-
able stage efficiency presented as Figure 4 of Reference 1. This data used
for the loss coefficient correlation were derived from a mean-line analysis
and the correlation has been applied in the computer program to individual
elements, without any distinction between stator and rotor or hub and cas-
ing sections of the blading. A review of the predicted variations of
streamline efficiencies suggests that the assessment of e[ement perfor-
mance has produced realistic values. |t is interesting to compare the

predicted efficiencies with the "achievable'' efficiency obtained from
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Figure b of Reference 1. The values of mean stage loading factor and
stage flow factor, used in the simple correlation of achievable turbine
efficiency together with @ comparison of the predicted efficiency and

Yachievable'' efficiency are given in the following table.

Loading Facggr Flow Factor “Achieyable“ Pre?i?ted

* = 3;,3"3_&!0 ¢= % Efficiency Efficiency
Turbine A 1.15 0.57 0.942 0.931
Turbine B 1.43 0.66 0.937 0.920
Turbine C 1.87 0.77 0.921 0.902
Turbine D 2,57 0.97 0.881 0.875

The 'achievable' efficiency does not make any allowance for the hub/tip
ratio of the stage. Hence, until such time as experimental data are
available from stages designed using the design analysis program, the loss
correlation recommended and used in the current analysis can be considered
satisfactory.

During the investigation of the effect on predicted performance
of changes in the analysis variables, no significant change in efficiency
level was predicted if the mean stage reaction was maintained constant.

It is true that the detailed investigation was concentrated mainly on one
stage and that only relatively simple radial variations of the stator exit
conditions and stage power output were considered. Nevertheless, it is
quite probable that a purely stream~filament analysis, limited to the so-
lution of the flow field at interblade row stations and with total pres-
sure losses assessed for individual streamlines, will not predict the
actual performance difference of designs having the same annulus geometry.
The actual performance of a blade row is undoubtedly affected by the over=-

all design of the row. While relatively small differences in performances
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are likely to be predicted for alternative blade twists using the stream-

filament approach, the actual difference in performance of the turbine
stages could be significant. However, a design analysis program based on
the stream-filament approach could be an important tool for use in a fully

integrated turbine research program.
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CONCLUSIONS

The prediction of the design-point blade row geometry and stage per-
formance of four single stages having the same over-all design require-
ments has shown a 5.6 per cent drop in total-to-total efficiency and

a 9.2 per cent drop in the total-to-static efficiency for a 25 per cent
reduction in tip diameter from a conservative design value. These
changes were for a particular variation of stage reaction; higher val-
ues of total-to-total efficiency for the most highly loaded stage

could have been achieved at the expense of the total-to-static effi-
ciency and vice versa.

In an investigation of the effects of changes in the apalysis vari-
ables, it was established that the radial variation of tangential ve-
locities at stator exits are limited by the radial equilibrium re-

qui rement to distributions which are close to ''free-vortex' distri-
butions. Small changes in whirl distfibution specifications produce
relatively large changes in the meridional velocity and absolute flow
angle distributions.

Using a realistic correlation of the total-pressure-loss coefficients
for individual blade elements, it has been shown that the specification
of a uniform distribution of power output frequently produces a limit~
ing loading condition at rotor hub sections. It is then necessary to
reduce the work output of these sections in order to obtain a solution
of the stage exit flow field which will simultaneously satisfy the loss
specification and the radial equilibrium requirement. The redistribu-
tion of the power output, however, requires careful consideration in

the case of highly loaded stages to avoid the transfer of the limiting
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loading condition to other sections of the blading.

While the correlation of total-pressure-loss coefficient used in the
present analysis appears to give realistic solutions, it will be nec-
essary to review the correlation using experimental data from stages
designed using the stream-filament approach. The extent to which the
performance of a stage is affected by interfilament mixing and the
over-all design of the blading (as opposed to the design of individual
blade elements) should also be investigated analytically and experi-

mentally.
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NOMENC LATURE

Descrigtion

Angle of streamline slope in
the meridional plane

Specific heat at constant
pressure

Kinetic-energ J-loss coeffi-
cient (= | = Vaefy, )

Index for parabolic power out-
put distribution

Constant in Newton's law
Mechanical equivalent of heat
Index on streamlines

Number of streamlines

Total pressure

Nondimensional power function

CTen ()
= HrTlp J 037 donr)
L]

S50 Hor
Stage reaction =<£Il:%z§_
les — loa
Radius

Meridional component of stream-
line curvature

Total temperature
Blade speed
Velocity

Nondimensional mass flow func-
tion

f:oL' 251'%1' VMMT‘OM

Flow angle

53

Units

deg

Btu/1bm deg R
(J/kg deg K)

1bm/ 1bf ft/sec2

ft 1bf/Btu

(N/cm?)

inor ft (cms)

-1

ft (m-‘

)
deg R (deg K)
ft/sec (m/sec)

ft/sec (m/sec)

deg



Sxmbo!s

Subscripts

i
2

Superscripts

/

Description

Total-to-total isentropic effi-
ciency

Total-to-static stage isentropic
efficiency

Blade-to-jet speed ratio = ——=:r =

Descrigtion

Casing

Condition at Mach 1
Exit

Hub

Inlet

Meridional
Isentropic
Tangential

Axial

Stage inlet

Stator exit/rotor inlet

Stage exit
Description

Relative to rotor

Mean or mass flow weighted value

Units

Sk
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APPENDIX 1

COMPUTER OUTPUT FOR TURBINE DESIGNS A, B, C, AND D

The following pages contain the full computer output for the
four single-stage designs., The design requirements and loss coefficient
correlation are held constant fcr the four designs as the tip diameter
is decreased by 25 per éent from a value consistent with a conservative

design.



** PRCGRAM TC - AEROCYNAMIC CALCLLATICNS FOR YHE CESIGN OF AXITAL TURRINES e

NASA SINGLE STAGE TURBIME

*0% GENERAL INPLT

NUMBER CF SPOCLS
NUMBER CF SETS OF ANALYSIS VAR IABLES
NUMEER OF STREMMLINES

GAS CCNSTANT
INLET MASS FLOW

CATA *e»

- i
1
S

. $3.3%00C Ler FT/ZLBM DEG R
. 45,510CC LBM/SEC

©® TABLLAR INLET SPECIFICATICNS o

RACEAL TOTAL TCTAL ABSCLLTE
COCRD INATE TEMPERATLRE PRESSLRE FLCW ANGLE
(1N (DEG R) sy {0EG)

16.0000 518.70 14.6%6C C.

i s e ¢ e e b . JUUSE
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30 SPLCL INPLY QAT eue

o0 DESICN RECUIREMENTS oo

AGTATIVE SPEED =
POWER DUTPLY =

46¢C.0 RFPHM

1287,5C WP

#¢ ANALYSIS VARIABLES w¢

NUMBER OF STAGES = 1

® POWER=-CUTPUT SPLIT o

FRACTICN OF
STAGE NUMBER SPCOL PCHER CLTPLT

1

l.CCCOC

® SPECIFIC-HEAT SPECIFICATICN ®

CESIGN STATION NUMEER

SPECIFIC HEAT

(8Ty/sLeM CEG R)

C.24CCC
C.24CCC
C.24C0C

* ANNULLS SPECIFICATICN o

STATICN NUPEBER AX JAL POSTTION
(IN)

Oe

1.0CC0
2. 0C0C
1.0000
4000¢C

(L R N

HUB RADIUS CASING RADILS
CIND {IN)
14 .465¢( 18.CCCC
14.465¢C 18. 0000
14,4e5C 18.0C00
14.4€5¢ 18.CCCC
L4 465¢C 18.¢€COC



® BLAQE=RCw EXIT CONDITICNS o

KACIAL
STATCR | PCSITION
(REE

l4.46%0
15.3427
1£.2325
17.11¢€3
18.0000

STREAMLINE
RCTOR | NUMBER

DM A AL WA -

WHIRY,
ANGLE
{NEG)

¢8.70¢
ee.1CC
€6LTCC
€t 7CC
€6.7CC

NCADTFMENSIONA
PCWER OUTPLY
FULNCYION

C.

(.1222C
C.24516
C.368¢9
C. 49359
C.£1899
Ce 74519
C.E122¢
1.C0000

® BASIC INTERNAL LOSS CORRELATICA o

HSANCINLET ANGLE) ¢ TANUEXET ANCLE)
Y & - *TIMESS
0.6003C000 ® 0.#0000000 ® CCSCEXIT ANGLE)

THE PRESSURE-LCSS CCEFFICIENT COMPUTEC TN THIS MANNER MAY NOTV EXCEEC A LIMIT CF

e2¢ QUTPUT OF SPOCL DESTGN ANALYSIS ess

#% STATCR INLFT 1 ¢

STREAMLINE RADTAL MASS-FLCW PMERILICNAL AXTAL WHIRL
NUMBER PCSITICN FUNCTICN VELOCITY vVELOCITY VELCCITY
{IN) {Ler/SEC) {FPS) (FPS} (FPS)
1 16,4650 0. 243,412 243.432 Ce
2 14,9526 5.6P875 2430432 243.432 0.
3 15.4249 11.37750 243,432 243.432 Ce
4 15.84 3t 17.06625 243.432 2434432 0.
5 16,3284 22.75500 243,432 243.432 C.
6 16,7620 2R.4437% 263.432 2434432 0.
7 17.1846 34.13250 243.432 2434432 0.
8 17.5910 39.82125 243.432 243,432 0.
9 18,0000 45.51000 243.432 243,432 C.
STREAMLIME
STREAML INE STATIC STATIC SLCPE STREAMLINE
NUMBER PRESSURE TEMPE RATLRE ANGLE CURVATURE
{PS1) {DEG R) (DEC) (PER IN)
1 1402127 513.77 Ce 0.
2 14,2127 513,77 Ce C.
3 14,2127 $13.77 Ce 0.
“ l4s2122 513.77 Oe Ce
d i 811477 0 Q.
[ L4s2121 Sisa 11 O [
7 14,2127 S13.77 O 0.
b the2t 2t Si3a1? O Qe
9 L2121 e T? Ce Qe

ABSCLLTE
VELCCITY
(FPS)

262.432
243,432
243,432
243,432
243,432
243,432
242,432
242,432
242,432

L

(005500000 ¢ 0.15CCCCCC #i({v RATICI-C.600))

IF (Vv RATIOY

{€eC29969G5G + 0.1572546G6 ® (V RATICI®® 3,60) IF (Vv RATIC) LT,

1.CCLCOCOC
ABSOLLTE ABSCLUTE ARSOLUTE
MACH TCTAL TCT 2L
ANUMBER PRESSLRE TEFPERATLRE
(PSI} {CEG R}
0.21508 14.6960 518.70
0.215C9 14,6960 518.70
Co215CS 14,6960 518.70
0.21909 14.6960 515.70
0. 21909 14.69¢0 518,170
0.215C9 14,6660 518.170
Ce 21909 14,6960 518,70
€.21909 14,6960 518.70
C.21908 14.6560 518.70
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«GT. 0.60000000

ABSOLUTE
FLOW
ANGLE
{DEG)

0.¢0C00C0OC ©

- ”» > e

rE & 2 2

- »



© STREAMLINE

RACIAL
PCSITICON
N

STREAML INE
NUMBER

1 | 14,4650

14.9410
o 15,4050
15.8584

16.7377
17.1653
17,5859
18.0000

OB~ PP,WN

STATIC
PRESSURK
{pPSI)

STREAMLINE
NWBER

8.6702
8.2191
9.1470
9.3566
9.49502
9.7297
9.8966
100524
16.1981

OD NGNS WN -~

RADIAL
PCSITION
(SL 1]

NUMBER

14,4650
1449390
15,4002
15. 8694
16.29C8
16. 7250
17.1538
17,5784
18,0000

WE O NS W N -

 STREAMLINE
r NUMDER

STATIC
PRESSURE
(PS1)

1 6.70%8
6.7059
6.70%4

e o

6.70%8
&, 7098
4.7058
6. 7058
68,7058
6. 7059

O®-uO NP

1643023

MASS -FLCW
FUNCTION
(LBM/SEC)

Q.

5. 68853
11.37708
17.06564
22.75422
78.44282
34h.13143
39.,R200%
45.50869

STATIC
TEMPFRATURE
(OEG R)

450,04
45345%
456,69
459,53
462.10
46440
466,62
460.61
470.45

MASS~FLLW
FUNCTICN
(Lev/SEC)

0.

5.6RAL9
1137734
17.06609
2275482
28444361
3413243
39.#2128
45.51C07

STATIC
TEMPERATURE
{DEG R}

421.77
421.23
420.84

420456
420435
420.19
420,08
420,00
419.95

®* STATOR €XIT -~ RCTOR [RLET 1 #»

PEAICICNAL AX 1AL Wk IRL
VELCCITY VELCCITY VELOCITY
(FPS) (FPS) (FPS)
159,209 359,289 £3442¢0
350,004 35C.004 €12.699
341,40 3414460 792.861
333,556 333,556 174,508
326.208 326,208 7157.447
319, 249 316,349 T41.%20
312,922 312.922 726597
306,881 3GCe,.e01 712.%¢9
301.184 301,186 €99.341

STREAMLINE

SLOPE STR EAML INE BLACE
ANGLE CURVATURE  VELOCLTY

(CEC) (PER IN) (FPS)
[\ [N 58847126
0. 0. €C1.591
0. C. €26.461
0. 0. 44, E99
[ 0. 662551
0, Ce €R0.657
0. 0. 6S8,(48
0. Ce 715,151
[ ' 731.991
os STAGE EXIV

MERICIONAL AX 1AL WHIRL
viLocIvy veLcerry VELOCTTY

(FPS) (FPS) {FPS)
435,013 438,613 54032
439,111 435,111 4,08
433,083 433,003 1.586
429.6C9 429,609 Yeill
425,012 425,072 Z.213
419.71C 419,71C R T3 3T
413,666 413,666 Ca?34
407,028 4C7.C28 ~C.911
399,839 399,835 ~2.100

STREAMLINE

SLCFE STREAMLINE BLADE
ANGLE CURVATURE  VELCCITY

(DEG) (PER IN) (EPS)
0. 0. 586,235
0. Ce 07,537
0. [ 626,286
O Oe €44,.551

T 0 Ce 662,486
' Oe 680,143
0. O 697,480
0. 0. 114,848
Oe Oe 73159

ABSCLLTE
VELOC ITY
(FPS)

908.239

2eA 63
E63.264
842,281
824,705
8CT.264
791.116
TT5.841
T61.439

RELATIVE
veLaciry
{FPS)

43%,45C
40C. €74
375.E48
357.852
3364619
32%.097
314,222
2Ce. €51
3C2.548

1 o

ABSCLLTE
VELOCITY
(FPS)

435,102
435,136
431,102
42€.621
422,079
4164712
413,666
4074029
366, €41

RELATIVE
VELCCITY
(FPS)

121, €08
1434538
758,151

771.633
185,185
758.101
81C, 209
823,397
€35.62%

ABSCLLTE
FACH
NUMBER

Ca 873482

C.84761
0. 824C7
€.8C?51
Ce 78204
Co 16424
0.74712
Co73114
0.7161¢

RELATIVE
PACH
NUMBER

Ce4 1874
C.38R60
0. 36260
0,34055
C.32230
Ce 30773
0.29¢7%
c.28521
C.20493

ABSOLLTE
MACH
NUMBER

0.64322C
Ced 3251
0.43069
0,427
042296
C.at770
0.41173
0.40517
Ce39004

RELATIVE
MACH
NUVBER

C.72276
0.736C5
Ca75392

Q. T6TRY
0. 78127
0.79427
C.80702
0.A1963
0.83215%

ABSCLLTE
TcTaL
PRESSURF
(PSS 1)

14,2523

14,2¢€89
14,2841
14,2916
14,3107
14,3226
1443234
143435
14,3929

RELATIVE
1CYaL

PRESSLRE
(FSE)

9.7818
9,858C
10,0149
10.1384
10,2628
1043900
1C.5201
10,6533
10. 7854

ABSCLLYE
TCTAL

PRESSLRE
(PST)

Te6243
Te6257
Tab174
76030
1.5837
T7.5610
Ta5358
T.5C85
T479%

RELATIVE
TCTAL

PRESSURE
{PSI}

9,.4949
9.6390
9.7748

9.9C%9
100350
10.1638
1C.2934
10,4249
1C.5587

ARSOLLTE
v
TEPPERATURE
{CEG R)

S18.7C

518,70
518.70
S1R.TC
StA.T0
518.70
5184170
$18.70
518,70

RELATIVE
10T
TEMPERATURE
(CFG A)

485,82
467,24
468, L9
470.18
471.7C
473,25
474,84
476445
478.(5

ABSCOLUTE
T0TAL
TEMPER ATURE
{GEG R)

437.%2
436459
435445
435492
435,136
434,85
434,22
433.78
433,25

RELATIVE
TCTAL
TEPPERATURE
(CEG R)

4h5,.82
467.24
468,67

470,14
471465
473.20
474,78
476441
478.09

58

ABSOLUTE 4
FLOW L
MNGLE
(CEG) o

6,700 &

66,700
660700
66,700
€¢,700
66.7C0
66.700
66,700
6€.700

-

>ore

RELATIVE
FLOW
ANGLE
(DEG)

E X & 4

34,401
30,371
25.981
21.235
16.19%5%
10.790
5.213
«0. 482
~64107

L X ¥ 4 L E X X 2

ABSCLUTE
FLOW
ANGLE
(DEG}

> *ao

Ce 683
0.606
0.527
C.428
0.312
0.179
0.0132
~C.128
<0.302

L o 4 - .

RELATIVE
FLOW
ANGLE
{DEG)

L X B J

-53,277
~54.184
-55.164

R = J

~56.183
-57.223
~58.272
~59.324
=60437%
~61e42%

>osr -



STREAMLINE
NUMHER

OE GO P> wN -

STATOR
RIACTICN

0.26800
0,27511
0.28199

0.28867°

0.29517
0.30151
6.30771
0431376
0431970

RCTOR
HOACTICN

Ca 598417
054560
0.901C2
Cet61358
C.432%3
CeahQ 136
038754
037271
Ced6241

#4 STAGE L PERFORMANCE ¢

STATOR ROTOR
PAESSURE PRESSLRE SIATCR
LGQsS LCSS BLACE RCh
CUEFFICTENT CCEFFICIPNT EFFICIENCY
CeCT7949 C.102€6 Ce54593
CoC7984 C.08815 CeS4482
0.0AC19 C.Clr840 CeG4278
0.08C56 C.07178 0.64279
C.CRO94 CeC6724 C.%4185
0.08133 Ce0b6412 CeS4(96
0.08173 €.006201 C.94C10
0.08215 C.06C66 €.63626
C.08258 €CeC5590 CeS3845

® MASS-AVERAGED QUANTITIES o

STATCR BLALE-ROW

RCICR BLADE~-ROW

STAGE T0TAL
STAGE STATIC

EFFICIENCY
EFFICIENCY
STACE WORK

EFFICIENCY
EFFICIENCY

STAGE BLADE~ TO JET-SPEEC RATIO

e¢9 SPOCL PERFORMANCE SUMMARY (PASS~AVERAGED QUANTITIES) oee

SPOCL WCRK
SPCOL POWER

SPCCL TCTAL= TG TCTAL-PRESSURE RATIN
SPOOL TOTAL= TC STATIC-PRESSURE RATIO

SPCCL TOTAL
SPCCL STATIC

EFFICIENCY
EFFICIENCY

SPCCL BLACE~ TO JET-SPEEC RATID

CeS8187
€e54791

16.656 87
€.93102
€.79696
0.%91%8

15.596 BY
12€7.50 WP
154047
i.19152
C.$31€2
€.75%9

,Ce59158

ROTCR RCTCR STACE
BLADE RCW ISENTRCPIC [SENTRCPIC
EFFJICIENCY EFFICIENCY FPRFICTEANCY
0.92501 0.95€63% fa91%¢8
0.93547 0.9€127 0.,921R1
Ce§4259 040457 0.92648
Ca94754 C.964677 C.93CC2
C.95104 0N.9682} C.913275
095354 0.59e%01 €934 89
0. 95532 LERLAT Y 0493657
0.9%£58 C. 96979 0.93788
0.95742 0.9697) C.93087
L PER LBFr

L PER tBP
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. N ’ . e e o ———— ___,_._-.J
' PROGRAM TD - AERODYNAMIC CALCULATIONS FOR THE DESIGN OF AXIAL TURBINES ¢¢

e = iw . - .. HIGHLY LOADED SINGLE STAGE OESIGNS =~ MWUB/TIP RATIO » o61s470¢e76 RESP,

@88 GENERAL INPUT DATA ¢

e et s e e " NUMBER OF SPOOLS 1 . B e e .
k NUMBER OF SETS OF ANALYSIS VARIABLES = 3 i
NUMBER OF STIEAMLINES e 9 !

GAS TONSTANT = 53.35000 LBF FT/LBM DEG R
INLET MASS FLOW = 49.51000 LBM/SEC

® TABULAR INLET SPECIFICATIONS o e - : . A e ____4[

e e e e RADIAL TUtAL 10TAL AaspLute .. . - JR
COORD INATE  TEMPERATURE = PRESSLRE FLOW ANGLE : ’
{IN (DEG /) PSS {DEG)

: o " 10.0000 518.70 14,6960 0.

®%e SPOOL INPUT DATA see

#¢ DESIGN REQUIREMENTS ¢¢

ROTATIVE SPEED » 4660.0 RPM
POMER OUTPUT o 1287.50 HP

- N U

e SET ) OF ANALYSIS VARIABLES ss
NUMBER OF STAGES = 1

® POWER~QUTPUT SPLIT o . . - - e e
FRACTION OF TR - .. .. . . e ey
STAGE VUMBER SPOOL PCHER OQUTPUT ;
1 1.€C000. . . . . P [E—

o SPECIFIC-HEAY SPECIFTCATION ® ' o |

DESIGN STATION NUMBER SPECIFIC HEAT
{BTU/LBM DEG R)

1 ¢.2400C ) o ]
2 €.24000 ‘ !
3 0.24000 e

® ANNULUS SPECIFICATION ¢

STATION NUMBER AX TAL POSITION HUB RADIUS . CASING RADIUS
(S L) [RL L} (IN)

|
!

0. 12.549C 16,5000
1.0000 12.5490 16.5000
2.0000 12,5490 16,5000 o
¥, 0000 124548C 16,5000
440000 12.949¢ 16,5000

" X RSN

A




-

TANCINLET ANGLE) ¢ TANIEXIT ANGLE)

Y 5 aves

61

¢ BLADE-ROW EXIT CONDITIONS

STATOR )

ROTOR ]

RAD1AL
POSITION
(in)

13.0000

STREAML INE
NUMBER

OBNO NP> wn -

BHIRL
ANGLE
{DEGH

66,900

NOND1MENSI ONA|
POWER OUTPUT
FUNCTION

Ce.

Cel2162
0.24420
0.36775
C.49227
C.61775
0.74420
0.871862

.- Ye€O000 .

¢ BASIC INTERNAL LOSS CORRELATION ¢

0.4° 0000

STREAMLINE
NUMBER

VOO AP N~

STAEAMLINE
NWMBER

B NO NS N

e

| RO

10.02999999 ¢ 0.15725499 ¢ (V RATIO)I®® 3.60) IF

s ——

e

(V RATIO) oLTe O. eooooooo"’“j

oTIMESS ;
00 ¢ 0.80000000 ¢ COSLEXIT ANGLE} 10.05500000 + 0.15000000 #((V RATI0)=0.6000) IF (V RATIO) GFe 0.60000000 ¢ .
THE PRESSURE-LOSS COEFFICIENT COMPUTED IN THIS MANNER MAY NOT EXCEED A LIMIT OF  1.00000000 ’ o
e . —
i
. e i
_— e I S
;
—d
¢o¢ QUTPUT OF SPOOL OESIGN ANALYSIS (SET 3 OF ANALYSIS VARIABLES) oo
*s STATOR INLET 1 o T
ABSOLUTE ABSQLUTE ABSOLUTE ABSOLUTE ¢ ___ .
RADTAL MASS~FLOW MERICIONAL AXTAL W IRL ABSOLUTE MACH TOTAL TAOTAL FLOW ]
PUSITION FUNCTION VELOCITY VELOCITY VELOCITY VELOCITY NUMBFR PRESSURE TEMPERATURE ANGLE
e (LBF/SLC) 1HPS ) 1FPS) (7PS) {FPS) (PST) {DEG R) (OEG) ¢
l
12.%490 0. 263,412 243,412 0. 243,412 021907 14,6960 5108.70 Oe + .
13,1082 5. 68875 263,412 243,412 Ce 243.412 0.21907 1406960 518,70 O v .
L3.t644 1137750 243,412 2434412 Oe 243.412 0.21907 14,6960 518.70 Qe ¢
l4s1606 17.06625% 263.4)2 2634412 [\ 19 243.412 0.21907 16,6960 518.70 O
lh, 6582 22. 15500 263,412 253.412 O 243.412 . 0621907 14.69860 518,70 Qe . .
15,1397 2B.441375 263,412 243,412 O 243,412 0.21907 14,690 518,70 0. * .
1526063 34013250 2634412 2440412 0. 243,412 021907 1445960 518,70 0. ¢
. 1640594 39.82125 - 263.412 243.412 0. 263.412 ... 0.21907 14.6960 518.70 0. ..
16,5000 45.51000  2¢3.412 243,412 0. 243,412 0.21907 14,6960 518,70 0.
T S —
!
STREAML INE _
STATIC STATIC SLUPE % /MEAML INE
PRESSURE TEMPE HATURE ANGLE CURVATURE
(PST) (0EG R} (DEG) (PER IN) . } - ;
14,2128 513,717 Oe Oe
14,2128 513,717 0. 0. - e e e et
14.2128 513,77 O O.
16,2128 513.77 [+ 1% Oe
14,2128 S513.77 Ne Oe e
14,2128 313,77 '8 Oe
14,2128 813.77 Oe Os
14,2128 . 313677 0. Oe - - e
14e 2028 s13.17 0. 0.



o¢ STATOR EXIT - ROTOR INLEY | #»

AX TAL
VELOCITY
(FPS)

$774001

364,273
352,807
3424451
333.021
3244379
316.401
309.009
302.126

STREAML INE
CURVATJRE

(PER IN)

WHIRL
VELOCITY
(FPS)

AB4,0M

894,028
827,144
802,865
780,757
760.487
T6l.791
T24.461
7084324

BLADE
VELOCITY
(FPS)

5104320
532.514
553.922
574.662
594.827
bl4.489
633.707
652.527
670.992

*o STAGE EXIT

AX TAL
VELOCITY
(FPS)

427.979
432.928
435,971
435,948
433,142
428.457
4224399
415,262
407.206

STREAML INE
CURVATURE

(PER IN)

0.
. Qe
0e

L
STREAMLINE RADIAL MASS=FLOW MERTDTONAL
NU4BE R PuUSIT10N FUNLTION vrLOCITY
{IN) (LBM/SCC) LFPS)
1} [PILLEM 0 1774093
2 13,0948 L CLELYY 164,213
3 13.8212 11.37706 352,807
4 1441312 17.06563 3424451
5 l4s6211 224 15422 333,024
6 15.11086 28.46420% 324,375
7 S 15,5831 . . .34,13148 _ 316,401
8 16.046) 39.82014 309.009
9 16. 5000 45.50882 302.126
STREAML INE
STREAML INE STATIC STATIC SLOPE
NUYARER PRESSURE TEMPLRATURE ANGLE
(PS8} {DEG R) {DEG)
1. L Bel038 . 441.83.___ . Q..
2 8.4527 4e6.97 0.
3 8.763% 451441 0.
4 9.,0028 ...  459.30 0.
5 9,2955 458.75 0.
[ 9.525% 461,82 'S
T . 97360 464.58 . ___ 0.
[} 9.9294 467.08 Oe
9 10.1079 469.35 0.
STLEAMLINE RADI AL MASS=FLOW MERIDIONAL
NU4BER POSITION FUNCTION VELOCITY
N .. LLBM/SEC) (FPS)
1 12,5490 0. 427.979
2 ce 131006 .. 5.68878 432.928
3 13,6369 11.3775% 435.971
“ 14,1433 17.06628 435,948
5 14,6343 22.75500 433,142
6 15.1123 28444372 428,457
7 155811 34e13268 422399
.8 16,0430 39.82125 415,262
9 1645000 45451000 407,206
STREAMLINE
STREAMLINE STATIC STATIC SLOPE
NUMBER PRESSURE  TEMPERATURE ANGLE
. (PSI) - {DEG R) ... .. IDEG)
1 66070 422,35 Oe
2 66086 421.38 Ce
3 6.6097 420.53 O.
L3 6.6112 419.90 0.
5 6.6123 ol9.47 0.
[ b6e6134 419,16 [
7 64 61 44 613.95 0.
[ 6s 6156 418.80 0.
9 6. 6163 416,70 0.

WIRL
VELOCITY
(FPS)

~66.567
~64,211
~62.579
«~61.496
~460.833
~60.496
~60.417
~60.54%
«60.6838

BLADE
VELOCITY
(FPS)

510.320
533.026
554,559

575.178
$9%.120
614,560
633,624
652.409
6704992

ABSOLUTE ABSOLUTE
ABSOLUTE MACH TOTAL
VELOCLTY NUMBER PRESSURE
tFps) lFS!)
Salelen [ LHLTY 14,2086
9284468 0. 89599 14,2326
899, 244 0.86342 14,2534
872.849 083449 14.2723
848.814 0.80846 14,2892
826,776 0. 78485 14,3046
806.451 0.76327 ~ 14,3185
787.610 0. 74344 14.3313
770.067 0.72512 14,3430
RELATIVE RELATIVE
RELATIVE MACH TOT AL
VELOCITY "NUMBER PRESSURE
(FPS) {PSI)
e 53Ca941 . 0.51529____ 9.7126 __
485.864 0. 46882 9.8261
4h6,232 0. 42846 9.9422
411,521 0439344 10.0611
381.409 0.36328 10.1829
355.717 0.33768 10.3077
— 3342353 ____ 0431645 . 10,4357
317.271 0.29948 10.5668
304.424 0.28666 10.7013
1 oo
R .—..ABSOLLTE ABSOLUTE
ABSOLUTE MACH TOTAL
VELCCITY NUMBER PRESSURE
(FPS) _ ___ L {pPsl)
“33.125 0.42994 T7.5027
437,663 0.4349% 1.5258
440,440 0. 43815 T.5415
440,264 0.43830 75436
437.393 0.43567 7.5333
432.707 O. 43116 T.5167
426.698 0. 42528 T.4903
419.652 0.41833 T.4618
411.726 0.410648 T.4301
RELATIVE RELATIVE
RELATIVE MACH TaTaL
VELOCITY NUMBER PRESSURE
LFPS) PS1)
718.306 0.71303 9.2732
737644 0.73307 9.4465
755.600 0.75167 9.6143
771,625 0.76818 9.7688
786.057 Q. 78296 9.9115%
799,547 0. 79668 10.0478
812.474 0. 80977 10.1811
82%.073 0.82247 10,3138
837.49) 0.8349% 10.447%

_ ABSOLUTE
TOTAL
TEMPER ATURE
(DEG R)

A.T0

Sly. 70
518.70
518470
518.70
518.70
5te.70
518.70
518.70

RELATIVE
TOTAL
TEMPER ATURE
(DEG R)

465,29
466061
457.98
469.40
470.85
472.35
473,88
475,46
477.07

ABSOLUTE
TOTAL
TEMPERATURE

{DEG R) .

437.96
437.32
436.67
€36.03
435.39
43674
434,10
433,45
432.81

RELATIVE
TaTAL
TEKPERATURE
IDEG R)

465.29
466.66
468.04

470.88
472,36
473.88
ATS.44
417.07

869,44

62

e

ABSOLUTE
FLOW
ANGLE
LDEG)

*> e

664900 1
66,900 ¢
66,900 ¢
66,900 ¢
66,900 ¢
66.900
66.900
66,900 ¢

T RELATIVE & |

!
FLOW ‘
ANGLE ¢ __.!
(DEG)

*
*
A4.T46  %_
4l.432 #
37.755

33.679 %
29.175 ¢
24,232 *
18.861 _¢
13.104

TeO46 o

ABSOLUTE ¢ ____

FLOW !
ANGLE ¢ |
(0EG) .

~8.841 #
=B.437
-8.168 i
-8.029 & |
~7.995.
-8.037
-8.140 ¢
-8.295 ...,
~8.497 ¢

RELATIVE ¢
FLOW & |
ANGLE
(DEG) ..

~53.429
~54,062 . ,
-54.761 © |

RS |

~55.600 !
=564 562 '
=57.597
~58.675
-%59.781
«60.907

L X X X



v
#s STAGE L PERFORMANCE s
]
s
STATOR . ROTOR
PHESSURE  PRESSURE STATOR ROTOR ROTCR STAGE
STHEAMLINE  STATOR ROTAR L0s BLADE ROW  ALADE ROW [SENTROPIC ISENTRCPIC
NUKDLR WIARTION  KACIIUN  CULFRICIENT CUPFRICIENT BATICTENGY EPFTCITNGY BPFICIENCY EPEICIENCY !
1 0.2532% 0.73916 0.07984 0416484 0.94717 0. 88985 0493347 0.89079 o
? 0426217 0,69847 0,00022 041349 0.94625 0.90493 0.94201 0,901 64
f Ge2 106 0a5909 1 0e0N062 0. 11060 0o 9447 0.9212) 0495109 0491139
. 0.27847 0453332 0.08103 0409373 0494360 0.93288 0.95714 0.91886 . ,
5 0.28677 0. 48522 0.08146 0.08292 0.94241 0.94053 0.96109 0.92430 ‘
. 0.29441 0. 44490 0.08191 0.0758% 0.94129 0.94572 0.96365 0.92833 |
’ 0.30183 0.41152 0.08237 0.07118 0.94023 . 0.94924 0.96528 0.93136 .. . ___|
H 0.32905 0.38456 0.08285  0.06814 0.93921 0.95165 0.96624 0.93365
9 0.31609 0.36349 0.06335 0.06626 0.93024 0.95326 0.96671 0.93539
- . m———
® MASS-AVERAGED QUANTITIES o T
STATOR BLADE-R I EFFICIENCY = 0496261 T T
ROTOR BLADE-ROW EFFICIENCY o  0.93320 . . . - ]
STAGE WORK = 16,996 BYU PER LBN
STAGE TOVAL CFFICIENCY »  0.92037 .. ; e ey
STAGE STAT'C EFFICIENCY =  0.78738 :
STAGE BLADE- TO JET=SPEED RATIO »  0.52634
5
b
. e - - - - S
H
]

_%es SPOOL PERFORMANCE SUMMARY (MASS~AVERAGED QUANTITIES) wee

SPOCL WORK = 19.996 8TU PER L8N
N SPOOL POWER = 1287.50 HWP. _

SPOOL TOTAL= TO TOTAL-PRESSURE RATIN = 1495694

; SPOOL TOTAL~ TO STATIC-PRESSURE RATIO = 2.22258

i — e SPOGL TOTAL EFFICIENCY = 0.92037

SPOOL STATIC EFFICIENCY o 0.78738

SPOOL BLADE= TO JET-SPEED RATIO = 0.52634

e

BIPPTN



*¢ PROGRAM TD = AERODYNAMIC CALCULATIONS FOR THE DESIGN OF AXIAL TURBINES **

HIGHLY LDADED SINGLE STAGE DESIGNS <~ HUB/TIP RATIO @ o6l,¢70,.76 RESP,

see GENERAL INPUT OATA sse

NUMBER OF SPOOLS = 1
NUMBER OF SETS OF ANALYSIS VARIABLES = 3
NUMBER OF STREAMLINES = 9

GAS CONSTANT =
INLET MASS FLOW o

53.3%000 LBF FY/L8M DEG R
45.51000 LBM/SEC

i
I
® TABULAR INLET SPECIFICATIONS @ -
RADIAL TOTAL T0TAL ABSOLUTE . e
CUCROINATE TEMPERATURE  PRESSURE  FLOW ANGLE .
(i (DEG 1) (PS1) (DEG) i
e
10.0000 $18.70 14,6960 0.
I
- e —— e e i 1t i ey e A s
se8 SPOOL INPUT OATA eve
i
#& DESIGY REQUIREMENTS oe - T T
T T T ROTATIVE SPEED « 4660.0 RPN T T
POWER OUTPUT =

1287.50 HP

e SET 2 DF ANALYSIS VARIABLES e

NUMBER OF STAGES = 1

¢ POWER=-QUTPUT SPLIT ¢ I .. O

. FRACYION OF. _ ..
SPUOL PCWER OUTPUT

" STAGE VIMBER

e 1 1.C0C00 . .. L

o SPECIFIC-HEAT SPECIFICATION &

SPECIFIC HEAT
{BTU/LBM DEG R)

DESEGR STATION NUMBER

€424000
0.24€00
€.24000 .. _ . . -

-

©® ANNULUS SPECIFICATION ©

STATION NUMBER AXIAL POSITION HUB RADIUS CASING RADIUS
({IN) (IN) N
1 0. 10,4990 15.0000
2 1.0000 10.4990 15. 0000
) 20000 1004990 15.0000
4 3.0000 10. 4990 1%.0000
s 440000 10.499¢C 15.0000

S




© BLADE-ROW EXIT CONDITIONS ©

STAIOR

sT

ROTOR }

TANCINLET ANGLE) ¢ TAN(EXIT ANGLE)

o BASIC INTER

10,02999999 + 0.15725499 & (V RATIO)®® 3.60)

" RADIAL
POSITION
1INY

WHIRL
ANGLE
(DEG)

13.0000 67.100

NOND I MENSTONAL
POWER OUTPUT
FUNCTION

REAML INE
NUMBER

Q.

C.12103

Qs24320 .. ... .

0.36650

0.49093

Ce 61650

0.74320

0.87103

1.C0000 R R

C-X VR 3 R AT T

NAL LOSS CORRELATICN ®

IF (V RATIO) LT,

'0. 60000000 ‘

v STIMESS
0.600 ® 0.8 * COSUEXIT ANGLE) $0.05500000 ¢ 0.15000000 %{(V RATI0)=0.600)) IF (V RATIO) oGl Ou60000000.-.— _J-
THE PRESSURE-LOSS COEFF ICIENT CONPUTED IN THIS MANNER MAY NOT EXCEEO A LIMIT OF  1.00000000 T
. . R - i . e
®se QUTPUT OF SPOOL DESIGN ANALYSIS (SET 2 OF ANALYSIS VARIABLES) ®es
- e . RN _ ,.]
T - ) o6 STATOR INLET | o¢ - T o T
— . R N o o I R
i
I . ABSOLUTE ___ABSOLUTE  ABSOLUTE  ABSOLUTE ¢ __|
STHEAML INE RAD1AL MASS~-FLUW MERIDIONAL AXTAL WHIRL ABSOLUTE MACH TOTAL TOTAL FLOW *
NUMBER PNSLTION FUNCTION VELOCITY VELOCITY VELOCITY VELOCITY NUMBRER PRESSURE TEMPERATURE ANGLE
e UIN (LBM/SEC) (FPS) .__ L(EPS) . __. CFPSL______ (FPS)______ e PSI} _{DEG R) _ADEGL_¢__ _
1 104990 0. 263,416 243.416 0. 243,416 0.21908 14.6960 518,70 0.
2 11,1613 S.68675 . 243.416 243,416 0. 243,416 . . 0.21908 1406960 518.70 . Qe ¥ __
3 11.7365 11.37750 2434416 243.416 Oe 243,416 0.21908 14.6960 518.70 0. [ ]
4 12,3802 17.06625 243.416 243 44106 Oe 263,416 0. 21908 14,6960 518.70 [+ 1% *
5 1209466 22.75500.__ 243,416 .. 263.416 . _ Qe  _____ _243.416____0.21908 ____ 14,6960 518470 .. _O0e____ %
6. 13.4893 28.44375 243,416 243,416 0. 2434416 0.21908 14.6960 $18.70 0. i
7 1640112 34.13250  243.416 243.416 0. 263,416 0.21908 146960 518,70 o. . !
8 145139 ..  39.32125. = 243.416 2434416 0. 243,416 .. 0.21908... . 1446960 518,70 .. Oe____¥_
9 15.0000 45.51000  243.416 243,416 0. 263,416 0.21908 146960 518,70 0. .
— e T o e -
R STREAMLINE e e -
STREAMLINE  STATIC STATIC SLOPE  STREAMLINE
NUMBER PRESSURE  TEMPERATURE  ANGLE CURVATURE
e PSE) . IDEG R (DEG) ~. - APER EN) .. SN - . e e,
1 14,2128 513,77 0. 0.
2 14.2128 513.77 . - 0. 0. - ; e ]
3 14,2128 513,77 0. 0.
. 14,2128 513,77 0. 0.
s 14.2128 513,77 .. 0. 0. S e
6 1442128 513,77 0. Oe
7 14,2128 513,77 0. Ce
1 16,2128 _ . 513477 . ..  0Oa Oe e } R
9 14,2128 813.77 0. 0.



*% STATOR EXIT < ROTOR INLET 1 o8

! ABSOLYUTE ABSOLUTE
STREAML INE RADIAL MASS~FLOW MERIDIONAL AX AL WHERL ABSCLUTE MACH TovaL
NUM3ER pUSITION FUNCTION veLOCITY VELOCITY VELOCITY VELOS TTY NUMBER PRESSURE
(IN) {LBM/SEC) LFPS) (FPS) (FPS) (FPS) (PSI}
' 1 10,4990 0. «07.347 407,347 9644326 1046.832 1.03285 14.1392
i H 11.1697 5.68834 387,806 387.806 918.066 9964614 0.97362 14,1764
3 11,7663 11.37676 371.199 371.199 878,752 953,936 0.92461 14,2080
4 12,3505 17.06523 3564790 356,790 844,640 916,906 == 0.88300 14,2352
L] 1291 36 22.75374 364,089 344,089 Ble.573 884.266 Oe 84696 14.2589
6 13.4576 2844229 332,754 332,754 787.739 855,136 0.61528 14,2797
1 13,9852 34,13088 322.536 322.53% 763,549 828.877 0. 78709 14,2983
t [ 14,4987 39.81950 313,248 313,248 741.561 805.007 0.76175 16.3149
‘ 9 15,0000 45.50814 304,745 304,748 721,433 783,158 0.73878 16.3298
STREAMLINE RELATIVE RELATIVE
STREAMLINE STATIC STATIC SLOPE STREAML INE BLADE RELATIVE MACH TOTAL
NWMBER PRESSURE  TEMPLRATURE ANGLE CURVATURE  VELOCETY YELCCLTY NUMBER PRESSURE
(PS1) {OLG R) (0:G) {PER IN) (FPs) (FPS) (PSI)
1 7.185%9 427,51 0. 0. 426,954 6744315 __ . 0.66531 9.6697
2 7.7213 436,05 0. 0. 453,416 605,222 0.59126 9.7816
3 8.177% 442,98 0. Oe 478.408 545,952 0.52917 9.8956
4 8.5125 648,74 0. O. 502.247 494,502 . 0.47621 10.012t
; 5 8,9189 493,63 0. 0 5254147 449,627 0.43066 10.1316
6 9.2260 457.85 0. 0s 547,267 410.551 0.39141 10.2538
7 9+ 5005 461,53 0e 0. 5684724 . 3764811 . . 0.35781 10.379%
; ] 9. 1817 464,78 0. 0. 589,608 348,158 0.32948 10,5086
! 9 9.9718 487,66 Oe O 609.992 324,482 0430610 10,6612
H .. S ——
: #% STAGE EXIT | se¢
. . ...ABSOLUTE ABSOLUTE
STREAML INE RADIAL MASS-FLUW MERIDIONAL AXTAL WHIRL ABSOLUTE MACH TOTAL
NUMBER POSITI ON FUNCTION VELOCITY VELOCITY VELOCITY VELCCITY NUMBER PRESSURE
g tIny {LBM/SEC) (FPS} (FPS) (FPS) - (FPS) ~o.. (PSt}
1 10,4990 O. 412,181 412,181 «165,681 444,233 0.44116 7.2697
i 2 11.1986 5.68874 «29.328 429,328  ~155.324 4564561 . .. 0.45431 .. 7.3390
3 11,4333 11.37748 440,286 440.286  -147.829 464,441 00 46290 7.3883
. 12.4215 17.06622 447,097 447,097  ~142.262 469,184 0446825 7.4231
L] 12,9750 2275496 450.365 450,365 -138.063 471.052 0.64T7062 Te4432.
6 13.5032 28.44371 448.987 448,987 -134.,859 468.803 0.,46870 Teba24
7 14.0138 34. 132408 444,584 444 0584 ~132.393% 463,878 0.46399 Te %276
8 14.5115 39.82122 438,136 438,136  ~130.491 457,155 - 0.45739 7.4037
9 15.0000 €5.50997 430,148 430,148  -129.029 449,084 0.44940 7.3735
STREAMLINE RELATIVE . RELATIVE
STREAML [NE STATIC STATIC SLOPE STREAML INE BLADE RELATIVE MACH - TOTAL
) NUMBER PRESSURE  TEMPERATURE ANGLE CURVATURE  VELOCITY VELOCITY NUMBER PRESSURE
: (PSt {0EG R} {0EG) (PER IN) (FPS) (FPS) 143 ¥]
1 6.3603 421.99 0. 0. 426,95 721,879 0.71688 8.9574
2 6.3702 420,31 0w 0. 455,402 746.531 0. 764284 9.1891
3 603792 618,95 0. 0o 481.214 767.820 0.76527 9.3997
4 ©e 3T AL702 O Qe 505,134 708,777 0s 78521 9.5960
s be 3956 416,92 Do o 527542 8C3. 136 G« 85101 $.7780
] 6.4026 . .  4l6.34 0. O. 549,124 818.182 0.81801 9.9371
7 6.4088 415.97 0. ‘N 569,886 8314174 0.83137 10,0827
8 bekla2 615,73 0. 0s 590,127 8434358 0,84380 10,2211
‘ 9 o __be%193 _ 415.58 __ Oa Ca 609,992 (855,091 0,085%569 10,3364

ABSOLUTE
JTOoTAL

TEMPERATURE

(DEG R)
518470

518,70
518,70
518.70
518.70
518,70
518.70
518470
518.70

RELATIVE
TOTAL

TEMPER ATURE

(DEG R)

465.35
466053
457.78

469.09 .

470,46
471.88
473,35
474,86
476,42

ABSOLUTE
TOTAL

TEMPERATURE

(DEG R)

438,41
437.65
436.90
436.14
435.39
434,63
433,87
433,12
432,36

RELATIVE
TOT AL

TEMPERATURE

(DEG R)

465.35
466468
468.00

469,33

470.6a
472.0%
473,40
474,91
. 476,42

ABSOLUTE ¢
FLOW .
ANGLE ¢
(DEG} ¢

6T.100 ¢

67,100 8 '
67.100
67,100 & __

67,100 *
67.100 #
67,100 # __
67.100
67.100 #

RELATIVE ¢ !

FLON @ :
ANGLE —d

(DEG)
52,837 ¢ _
50.151 #
47.163 ¢ i
43.820 . .
40.068
35.6855 o
311346 0
25.077 »

7 20,087 ~_Jf

ABSOLUTE ¢ :

FLOW

ANGLE

(DEG}

~-21.898
-19.889

-18.560

-17.651

~17.043 .

~16.718
-16.583
~16.58%
-16.697

o

e

*
L]
*

*.
*
*
[ R

[ ——

RELATIVE ¢

FLOW
ANGLE
{DEG)

-55.181

=54.894
~55.,011

88,371

=-55.921
=56.718
«57.664
=58,700
=59.798

¢« 1
T

-

LA X 23

|
R

- __,_}I

e @

. S

!
|
{
I
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#% SYAGE 1 PERFORMANCE &

————

STATOR RO TOR . .
PRESSURE PRESSURE STATOR ROTOR ROTOR STAGE !
oo STREAMLINE . STATOR .. ROIOR . LOSS LOSS BLADE ROM .. BLADE ROW __ISENTROPIC. ISENTROPIC.
’ NUMDER REACTION REACT TON COEFFICIENT COEFFICIENT EFFICIENCY EFFICIENCY EFF ICIENCY EFFICIENCY
. L. . 023253 0.93411 0.08007 0427423 ... 095108 ___ 0,82618 0.89442 _ 0.84987 [ N
2 De24424 0.81071 0.08049 0.21411 0.94879 0.8599 0.91138 0.86845
3 0425517 Ve 71104 0.08092 Ce16969 0.94682 0.88609 0.92559 0.88426 ;
e R 0.26548._ _0.62852 ___0.08138 013533 0.94508 ___ 0.90753____ 0,93777 __ _0Q.89797 __ __ i
5 0.27527 0.55942 0.08186 0.10936 0. 94350 0.92435 0.94774 0.90946
! 6 0.28405 6.50178 0.08237 0.0932% 0.54206 0.93519% 0.95423 0.91757
[ W e 0029367 ... 0445335 0.08289 0.08310 S 0e94CTL. . 0494216 __ . 0.9%8¢)_ .. 0.92337 __ _ _ .}
] 0.30238 041282 0.08344 ~ 0.07656 0.93945 0. 94680 096109 0.92762
9 0.31081 037947 0.08402 0.0723% 0.93826 0.94991 0.96278 093079
j -
)
S O

©® MASS-AVERAGED QUANTITIES

T STATOR BLADE-ROW EFFICIENCY »  0.94389 - -
’ e ROTOR BLADE-ROM EFFICIENCY =  QaQUI23 . ... . .. .
STAGE WORK =  19.996 BTU PER LBN
‘‘‘‘‘‘ e STAGE TOTAL EFFICIENCY ® . 0a90224 . . .. . oo o o
STAGE STATIC EFFICIENCY =  0.75907
STAGE BLADE- TO JET-SPEED RATIO =  0.4560%
B —

¢o¢ SPOOL PERFORMANCE SUMMARY (MASS~AVERAGED QUANTITIES) eee

S e md
SPDOL WORK = 19,996 BTY PER LBM
SPOOL POWER »  1287,50 HP . : S
SPOOL TOTAL= TO TOTAL-PRESSURE RATIO o  1,98632 ;
SPOOL TOTAL- TO_STATIC-PRESSURE RATIO =  2.29858 !
I SPOOL TOTAL EFFICIENCY =  0.90226 . _ ... _ .. . _ I
SPOOL STATIC EFFICIENCY =  0.75907
SPOOL BLADE= TO JET-SPEED RATIO =  (C.45605
S : e . N
e I SN S
|
s oy - . . B . —s Y - |
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¥% PRCGRAM TO = AERCCYNANIC CALCULATIONS FOR THE CESIGN OF AXIAL TURBINES °*°

" ALTERNATIVE ANGLE OISTRIBUTIONS FCR STAGE OF WIGHESY LOADING

o%8 GENERAL INPUT CATA wee

NUMBER OF SPOCLS = 1
NUMBER CF SETS CF ANALYSIS VARIABLES = 2
NUMBER OF STREAML INES = s

GAS CONSTANT = €3.3%C0C LBF F1/LBP DEG A
INLEY MASS RROM =  45.5%1C00 \B8NM/SEC

® TABULAR INLET SPECIFICATICNS ©

RAD 1AL T0TAL TOTAL . ABSCLLTE B}
CCORDINATE  TEMPERATURE  PRESSIRE  FLOW ANGLE

Ny (DEG R) (PSI) (0EG)
10,0000 518.70 14.65¢6¢ Co i

88 SPCOL INPUT DATA ose

4 DESICN ACQUIRFMENTS o

ROTATIVE SPEED = 4660.0 RPN
PONER OUTPLT = 1287.5C HP

© % SET | OF ANALYSIS VARTABLES se
NUMBER CF STAGES = 1
¢ POWER-CUTPUT SPLIT ©

FRACTICN CF
STAGE NUMBER SPOOL PCHER OLTPLY

1 l.€CCCC

o SPECIFIC-HEAY SPECIFICATICN ¢

CESIGN STATION NUMBER SPECIFIC FEAT
{8TU/LBR DEGC R)

1 €.24CCC

2 C.24C0C

k] G.24C0C

® ANNULLUS SPECIFICATION o

STATICN NUMBER AXlaL POSITION HUB RADIUS CASING RADIUS
. CIN) tin) - (INY
1 Q. 8.215C 13.5CC0
2 1.0000 8.215C 13.5000
3 2.0000 2.215¢ 13.5CCC
4 3,0000 8.215¢C 13.5¢00
5 440000 8.215%C 13.5¢00




® BLADE~RCW EXIT CONCITIONS o

STATOR 1

ROTOR 1}

TANUINLET ANGLE) + TAN(EXIT ANGLE)

0060000600 © 0.80000000 ¢ CCS(EXIT ANGLE)

THE PRESSURE-LOSS CCEFFICIENT COMPUTED IN THIS MANNER MAY NOT EXCEED A LINIT CF

STREA ML INE RADT AL

NUMBER

DD NP WN -

PCSITIiON
{IN)

8.2150
F.0401
S.AGT0
10.5130
Llel744
ile 7989
12.3919
12.95178
13.50C0

STREAMLINE STATIC

NUMBER

OO VI W

PRESSURE
(Pst)

14,2127
14,2127
142127
l4. 2127
14,2127
Leo2127
1402127
4o 2127

142127

#os CUTPUT OF SPCOL CESICN ANALYSIS (SEV 1 CF

PASS-FLCK
FUNCTICN
(LDM/SLGH

0.
5.68875
11437750
17.06625
22. 15500
28,44375
364413250
319.82125
45.510C0

STATIC
TEMPERATURE
({DEG R)

513.77
513.77
513.77
513.77
513.77
513.77
513.77
513.77
513.77

MERICIONAL
VELCCITY
(FPS)

243,432
2434432
243,432
243,432
243,432
263 .432
263,432
243,432
243,432

STREJML INE
SLOPE
ANGLE
(CEG)

RACIAL
POSITION
CINY

13.00€0

STREAML INE
NUFBER

ORI WN e

BHIRL
ANGLE
{DEG)

67.16C

NCACIMENSICNAYL

PCWER OLTPUT

FUNCTICN

Ce

0.1174C
C.23657
€.2%871
€.482¢2
C.€0871
C.73657?
C.86740
1. CCOCC

® BASIC INTERNAL LOSS CORRELATION o

(0.0296%9S9 o 0.12725496 © (Vv RATIC)®® 3.60)
(0405500000 ¢ 0.15CCCCCC *{(V RATINI=0.600))

STIMES®

*% STATOR INLET 1 »»

AX TAL
VELOCITY
tFPS)

243,432
2434432
2434432
243,422
243,432
434432
243.432
242,432
243.432

WH I RL

VELOCITY

(FPS)

STREAML INE
CURVATURE

(PER N}

ABSCLLTE
VELCCITY
(FPS)

243,432
42,432
243,432
243.432
243,432
2434432
243,432
243,432
243,432

ABSOLLTE
HaCH
NUMBER

0e2160C9
Ceo21909
C.216C9
Ce21806
Ge215C9
€. 219C9
C.21909
C.2150$
C.215¢C9

Stan e gayes

2 Bt s

ARALYSTS VARIABLES) e¢ee

1.000c0C0C
[
ABSOLLYE ABSOLLTE ABSULUTE &
TCTAL 1ot FLOW
PRESSURE TEMPERATURE ANGLE &
teSH) (OEG R) (DEG) &
14,6560 518.70 Ce a
14,6560 518.70 0. 4
14,6940 518.70 0.
14,69¢0 518.70 C. 4
1406960 518,70 Oe (]
14.6940 518.70 0. 4
16,6940 518,70 0. ¢
14,6960 518.70 Oe -
14.686¢C 518.70 [ D) 4

G ¥ A AR

R T LT
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TF (V RATIC) LT 0.6CCCO000 &

1# {V RATIO) #GTe 0060000000 ¢




1
i
H
¢
{
]

RADTAL
PCSITICN
(IN)

NUMBER

"——— STRCAMLINE
! .l - 8,21%0

9.0576

S.8114
10.5064
11.15848
11.7787
12.3726
1249453
13,5000

VBN NLWN

STREAML INE
NUMBER

STATIC
PRESSURE
s

5. 5490
605055
T.250Ch
7.8548
803590
8.7883
9.1596
9.4847
97723

VO~ NS WwN -~

STREAMLINE
NUMBER

RADITAL
PCSITION
(IN)

8. 2150
9.0778
9. 8306
10,5162
1l.1%62
11.7638
12.3%03
12,9262
13. 5000

OENCNIWN-—

STREAMLINE
NUMBER

STATLC
PRESSURE
{Pst)

i 5.81%2
2 5.8742
5.91%

9.9 99
S« 979
6500053
6,02 8%
6. 0498
6.07C3

OB N>

PASS-FLOW
FUNCTION
(LBM/SEC)

0.

5.68807
11.37625
17. 06451
22.75284
28,44121
36.12961
39.81805
45.50652

STATIC
TEFPERATURE
(OEG R)

398.02
415.95
428.58
438.12
445,67
451.82
456496
461.33
465,11

MASS-FLCW
FURCTICN
(LBM/SEC)

0.

5. 68878
11.3775%
17.06630
22,15504
2B. 44378
34.13253
39.82128
45.51004

STATIC
TEMPERATURE
(UEG R}

417.68
415.38
413,72

412,47
4ll.47
410,08
410426
410,14
410.2¢

MERTCIONAL
VELOCITY
(FPS)

467 o445

431.323
402,947
381.961
363,642
347,984
3344345
322.2089
311,508

STREAML INE
SLOPE
ANGLE
{GEG)

O
0.
Oe

#ERICICNAL
VELOCITY
(FPS)

462,788
472.361
481.525
482.780
479.38C
472.427
459,733
442,268
420.691

STREAML INE
SLOPE
ANGLE
(DEG)

0s
Q.
Q.

®® STATOR EXITV - ROTOR INLET 1 e»

AXTAL WHIRL
VELCCIYY VELOCITY
1FPS) (FPS)
467,445 1105.837
431,223 1€24.C7%
4C3,947 $59.C76
381.961 906.87%
363,642 £€63.383
347.984. €26.2C6
3344345 193.822
322.289 765,199
311.508 739.¢€03

STREAML INE BLACE
CURVATURE  VELOCITY
(PER IN} (FPS)

C. 234,C72
0. 368,338
0. 398.991
Qe 427.353
0. 453,783
0, 478.59
Ce 5G3. 147
Q. 526.434
0. $48.993

*% STAGE EXIT

AX 1AL WHIRL
VELCCITY VELOCITY
{FPS) {(FPS}
448,788 =-284,%19
472.361 -263.6C2
481.929% -251.528
"482.780 ~344.246
479.38¢C -239.879
412.427 =237.404
459,733 =236.162
442,268 ~235.£92
420,691 ~239.67%

STREAML INE BLACE
CURVATURE  VELOCITY
(PER IN) (FPS)

[N 334,072
[ 369.19%9
0. 399,774
Ce 427,453
Se 433,478
[0 478.380
Q. 502,241
0. 52%.6%9
0. 948,993

ABSCLLTE
VELCCITY
(FPS)

1204,.280

1111.2C2
1C4C. €73
984,031
$3€.838
896,499
61,360
830,201
ecz.%27

RELATIVE
VELOCITY
(FPS)

9CS.713
184,876
€9C.557
€12,133
547.727
491.°78
443.(33
401.C97
2565.198

ABSCLLYE
VELCCITY
(FPS}

$31.377
540,935
543,261
541,048
5364047
522,723
$16.843
5Cl.150
402.2C7

RELATIVE
VELCCITY
(FPS)

64,242
189.627
808.976

021.260
€43.105
851,648
866,624
e8C.487

€9¢.320

VTN

ABSCLUTE
MACH
NLMBER

1.2314C

lelllsg
1.02549
C.95908
CeS053C
Ce B6C4C
€.82201
C. 78861
€. 75513

RELATIVE
MACH
NUMBER

Ce92612 |

C. 78508
0. 68C4¢E
C.597517
C.52929
C.47178
0.4227§
Ce38096
Co 34543

ABSOLLTE
MACH
NUMBER

C.53C4l
0.5414%
C. 54486
0.54346
Ce535C9
0.53224
0.3%2055

0.50482"

Co 48367

RELATIVE
PACH
NUFRER

Ce 76288
C.79C37
C.81236

C.831(%
Ce 84750
C.086338
0. 87808
C.88693
0.8%9673

ABSCLLYE
TCTAL

PRESSLRE
ipS1)

14,0222

14,0896
14,1418
14,1839
14,2188
14,2484
14,2738
14,2958
14,3152

RELATIVE
TCTAL

PRESSLRE
(PS1)

| 9.65T2
9.7716
9.8851
9.9596
1041161
10,2354
10.3578
10.4836
10.6132

ABSCLUTE
TCTaL

PRESSLRE
(PS]}

TeC432
7.1708
T.2385
72734
Ta2867
T.20828
72515
71695
7.1330

RELATIVE
T0TAL

PRESSURE
(PS1)

08,5489
8.8692
9. 1289

9,317
945688
G.T7666
9.9370
10,0085
10.2302

ABSOLLTE
TOTAL
TEMPERATURE
{CEG R)

518.70

518.10
518,170
518.70
518.70
518.170
518.70
518.70
518.70

RELATIVE
ToTIL
TEFPERATURE
(CEG R)

466,28
467,21
468.26
469.641
470463
471.93
473.29
474.72
476.21

ABSOLUTE
nra
TEMPERATURE
(CEG R)

441.18
439.73
438.28
436,83
435.39
433,94
432,49
431.C4
429,59

RELATIVE
ToTaL
TEVPERATURE
{CEG R)

486,20
467.26
468,31

469,43
470.62
471.08
473,22
AT4. 83
476.21

70

ABSOLUTE
FLOW 4
ANGLE ¢
(DEG)

€7.160 4

67.160
€7.160
67.160
674160
67.160
67.160
&7.160
67.160

X ¥ X3 L X R J

RELATIVE
FLOW
ANGLE
({CEG)

58.929
56.664
544200
S1.467
48,401
44,92
41.003
364533
3l.482

> >0

SR Hobes

ARSOLUTE
FLOW
ANGLE
(DEG)

=32.37
=29.164
-27. 581
-26.836
~26.583
~26.660
-27.189
=28.054
-29.258

SPoba Poas » 2

RELATIVE
FLOW
ANGLE
{DEG)

=54,039
-53,2%8
=53,%52¢

*re

X X 2

- R

=54, 302
-53,348
=56.575
-58,C93
=39.848
~61.803

ovasr »
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¢% STAGE 1 PERFORMANCE o9

STATCR ROTCR
PRESSURE PRESSLRF STATCR ROTCR RCTCR STACE
STREAMLINE STATCR RCTCR LOSS LOSS BLACE ROW BLADE RCW “ISENTRCPIC [ISENTRCPIC
NUMDE R REACTION REACTICN COEFFICIENT COEFFICIENY EFFICIENCY EFFICIENCY EFFICIENCY EFFICIENY
1 0.20214 1.18511 C.07952 Cod0%43 €.95792 0.77273 C.8349% 0.788¢7
2 0.21907 Ce59358 0.C76%6 0.30253 €.95280 C.82007 0.86760 0.82142
3 C.23392 085256 0.C8C42 023654 0.95C63 C. 85384 €.890139 0.84€5%4
L] 0.,24738 Cs 74107 C.C8091 C.185C0 CeS4EC) C. 87958 090868 C.867C9
S 0.25%84 0.6496% C.08143 €.15233 €.54583 C.90126 0.92366 0.88451
[ 0427154 057318 0.00198 04123¢5 Ce54290 Ce918613 0.93¢7C C.89926
7 0.28261 0e50934 0.08256 0.10616 0.94217 €. 92962 094493 . 0.90859
] 0.29319 Ca45554 0.0Rr218 €.C9653 CeS4(58 €.9339¢C 0,94969 C91644
< 0.30333 C.al0le 0.08382 Cel920C9 €.93911 0. 93899 0.9%20% Ce92C00

¢ MASS-AVERAGED QUANTITIES o

STATCR BLACE-RON EFFICIENCY =

ROTOR BLACE-ROK EFF ICIENCY

STAGE WCRK

STAGE TVOTAL EFFICIENCY
STAGE STATIC EFFICIENCY

STAGE BLADE~ 10 JET-SPEED RATYIO

*#¢ SPCCL PERFORMANCE SUMMARY (PASS~AVERAGED GQUANTIYIES)

SPCCL WORK
SPOCL POWER

OeShtl8
C.Eg45C

15,996 8TL PER LBY

C.87477
0.70772
Ce27815

SPOOL TCTAL=- TO TCTAL-PRESSURE RATIO
SPCOL TCYAL~ TO STATIC-PRESSURE RATIOD
SPOOL TOTAL EFFICIENCY

SPCOL STATIC EFFICIENCY

SPCOL BLADE~ TO JET-SPEEC RATIO

19.996 BTIL PER L8V

12€7.50 w¢
2403436
2.4624C
Ce€7477
C.70772
0.3781%

0




